Decisions taken under the Paris Agreement of the UNFCCC do not clarify how the principle of equity is to be operationalized. Proper consideration of different national circumstances is of paramount importance when designing any multilateral agreements, such as the Paris Agreement . Here, a methodology is presented that implements the equity principle in sharing the global climate budget among countries on the basis of their national circumstances identified by socio-economic factors such as the population size, the per-capita gross domestic product and the current net GHG emission, and physical factors such as the population density and the average temperature. The historical responsibility for net GHG emission since 1990 is dealt with by the financial commitments made by developed countries. The impact of international trade on actual net GHG emission associated with consumption of goods is deemed compensated by the carbon rights underlying the production of such traded goods. Results obtained show that without a consideration of national circumstances, large emitters can claim a larger quota. Nevertheless, national circumstances change over time because of social and economic development as well as because technological improvements. Consequently, quotas have to be recalculated over time (e.g. at each global stocktake).
Introduction
Although in 1990 the IPCC made evident in its first assessment report that anthropogenic emissions are causing incremental impacts on the energy balance of the planet through increasing the opacity of the atmosphere to the Earth's thermal radiation, the efforts implemented so far at international (i.e. the UNFCCC Kyoto Protocol), regional (e.g. the European Union Emissions Trading Scheme), national (e.g. national mitigation goals and actions) and local (e.g. voluntary offset projects) levels have not succeed in curbing anthropogenic net emission at a level and along a pathway that can achieve the ultimate objective of the UNFCCC: avoiding an atmospheric GHG concentration incompatible with ecosystems' health, sufficient food production and sustainable development [1] . Inequity in the amount of emissions caused by each inhabitant of the planet is still large [53] and it is quite proportional to each economic power; no emissions rights are globally recognized and no liability for the impacts caused by emissions surplus will be taken unless the Paris Agreement's financial mechanisms are fully operational. This status quo, in which no limits to emissions are established, which ultimately means that there is no cost for consuming such a limited resource as the 'atmospheric GHG capacity' [2] [3] [4] 55] that is, the space available for emissions in the atmosphere before exceeding a GHG concentration incompatible with the 1.5 C and 2 C limits (hereafter defined as the 'global climate budget')brings large inequalities, leaving the rich using at no cost a limited resource to which the poor have equal rights of use, and it represents the worstcase scenario. To avoid such a scenario countries agreed in the Paris Agreement [5] to quantify the UNFCCC target as a long-term temperature goal: to hold the increase in the global average temperature to well below 2 C above pre-industrial levels and to pursue efforts to limit the temperature increase to 1.5 C above pre-industrial levels.
To achieve its goal in an equitable manner, the Paris Agreement has established two processes: a bottom-up process (nationally determined contribution, NDC) where each Party country determines its own contribution to mitigation and commits to report on progress made; and a top-down process (global stocktake, GST) where the Conference of the Parties assesses the current level of atmospheric concentration of each GHG and its trend, the remaining atmospheric GHG capacity, as well as the level and trend of the total anthropogenic net GHG emission. 1 In that regard, the comparison of three elementsthe self-determined NDCs, the actual level and trend of national emissions and removals, and the atmospheric GHG concentrationsprovides for a quantification of the global mitigation needed and, consequently, triggers further ambition in the NDCs.
However, although the GST process will assess how much additional GHG can be emitted into the atmosphere, while keeping 2 the temperature increase within 1.5-2 C, it will not provide information on how much can be emitted by each country let alone by each single individual.
Therefore, a fundamental dilemma is still unanswered in the legal framework established in Paris (2015) and further developed in Katowice (2018): What is an equitable level of mitigation (Article 4. 3, 4.19) that can be requested from each of us, the planet's inhabitants, to attain the longterm mitigation goal?
Or, in other words, how much of the global climate budget can be assigned to each of us with equity, taking into consideration the different, although common, responsibilities and the differences in capabilities and other national circumstances?
This paper discusses the apportioning 3 among countries of the global climate budget compatible with long-term temperature limits of 1.5 C and 2 C and the principle of equity.
'Equity' in the text of the Paris Agreementthe new international climate agreement that entered into force on November 4, 2016is enshrined as a main principle for the attainment of the long-term goal set out in Article 2.2 of the Paris Agreement, in particular for the actions to be self-committed by each country (the NDCs). Indeed, Article 4.1 states that both mitigation targets, peaking of global GHG emissions as soon as possible and achieving a global balance between anthropogenic emissions and removals in the second half of this century, are to be achieved on the basis of equity. Further, Article 14 prescribes using equity and the best available science as metrics when assessing within the GST the progress made collectively by countries toward attaining the goals of the Paris Agreement.
Although the principle of equity is the foundation of the Paris Agreement, it has not been defined, nor has a definition been adopted within the climate negotiations, and the discussion on climate equity began long before Paris. Furthermore, guidance on how it is to be implemented in the definition and quantification of national contributions to the global mitigation effort as well as in assessing progress in their attainment has not been provided. Therefore, how to share the 'global climate budget' with equity among countries remains an open question.
Different approaches [e.g. [6] [7] [8] [9] [10] have been proposed for sharing the global carbon budget or required emission reduction targets (mitigation pathways) in countries' quotas. Most of them include an equity approach on the basis of a simple per-capita distribution. This assumes that 'equal rights' means that each individual has to be allowed to emit an equal amount of GHG. Individual quotas based on the principle of equity have been estimated by de la Fuente et al. [11] . Also, some studies have calculated national shares of the mitigation pathways where national emissions are constrained to converge from their current level to an equal per-capita share of global annual emissions at some future year [8, [12] [13] [14] [15] . There are models that incorporate features of national circumstances such as gross domestic product (GDP), current emissions, cumulative emissions, ability to pay or mitigation potentials of different countries, etc. [e.g. 14, [16] [17] [18] [19] . Van der Berg et al. [20] provided a comparison of several effortsharing approaches such as equal immediate percapita emissions, equal cumulative per-capita emissions, per-capita convergence, grandfathering (of current emissions), GHG development rights and ability to pay, and presented a full range of outcomes for major emitters from the continuation of the current trend to negative emissions.
Raupach et al. [21] , found that the most viable option to share the global climate budget with equity is a combination of two GHG indicators: the present share of global GHG emissions among countries and the equal per-capita rights for all citizens of all countries. This paper represents a further development of the approach of using more than one indicator to take into consideration differences in national circumstances. National circumstances evolve the concept of equity, since not all countries share the same responsibility for the increased concentration of GHG in the atmosphere, nor they have the same capability to take actions nor do their citizen have the same needs. Thus, the Paris Agreement -Article 2.2 -recognizes that differences in national circumstances are determinants of an equitable implementation of its provisions across countries and over time. Consistently, the approach proposed in this paper to take into due consideration the different national circumstances uses three indicators additional to the per-capita rights to emit: the density of the country's population, the climate regime of the country and the level of economic activity of the country, in terms of per-capita GDP, and associated level of net emission. Each indicator has an unavoidable impact on the total national net emission, and impacts of indicators do not overlap each other. Indeed, a low population density inevitably results in higher per-capita demands for transport, while temperatures colder or warmer than the optimum range lead to additional percapita needs in heating and air conditioning; finally, the economic level of a country is an effective metric of its capability to take actions and of any development gaps to be filled, as well as of the current level of emissions determined by lifestyle and behaviors.
The analysis proposed in the paper fully includes the GHG fluxes of the agriculture, forestry and other land use sector (AFOLU) because the goal set under the Paris Agreement to achieve a global balance between anthropogenic GHG emissions and removals in the second half of the 21st century implies that the net uptake of biological sinks must be fully accounted [22] .
An additional element that must inform the operationalization of an equitable share of the global mitigation commitment is the higher historical responsibility of developed countries [23, 24] for the increased concentration of GHG in the atmosphere. For each country, such 'historical responsibility' is here interpreted as the cumulative net emission that has occurred since 1990, because 1990 is the year of first recognition by the global community of the threat of global climate change. 4 This means that any emissions produced since 1990 bear the burden of being the cause of damages associated with climate change [13, 26] ; consequently, any action implemented since that date to reduce GHG concentration in the atmosphere is to be considered a mitigation action. However, the historical responsibility has not been explicitly used as an indicator for quantifying the quota of the global climate budget of each country. This is because the historical responsibility is to be addressed through the so-called climate finance that developed countries are providing to support developing countries in the implementation of mitigation actions and for their monitoring and reporting. Indeed, the climate finance does not deal exclusively with emissions rights; it is equally aimed at addressing through adaptation the impacts, including loss and damages, that the historical responsibility for emissions brings. Climate finance within the Paris Agreement is expected to achieve USD 100 billion per year as a minimum [27, para. 53 ].
Methods
The global climate budget to 2100
The atmospheric CO 2 concentration reached an average level of 406.5 ppm in 2017 (i.e. 1.5 times the concentration level, 277 ppm, observed in 1870), while in June 2018 it is already up to 411 ppm and, in accordance with [28], during this year single peaks of concentration at 415 ppm have been already observed. According to the scenarios presented by the IPCC in its most recent Fifth Assessment Report (AR5) [29] , only one out of four representative concentration pathways (RCPs) [30] (i.e. economic scenarios to which an atmospheric GHG concentration is associated) envisages a global temperature increase of no more than 2 , that being RCP 2.6. According to that scenario, the atmospheric CO 2 concentration should stabilize around 450 ppm (430-480 ppm). 5 This concentration threshold of 450 ppm was expressed in AR5 in total tons of CO 2 emissions that can be emitted in this century while keeping global warming within the 2 C increase, compared to 1870, with a probability of more than 33% [i.e. 1,570 Gt C (5,760 Gt j 2 )], more than 50% [i.e. 1,210 Gt (4,440 Gt j 2 )] and more than 66% [i.e. 1,000 Gt (3,670 Gt j 2 )]. These upper limits are reduced to approximately 900 Gt (3,300 Gt j 2 ), 820 Gt (3,010 Gt j 2 ) and 790 Gt (2,900 Gt j 2 ), respectively, if additional effects not related to the CO 2 concentration are taken into account (e.g. non-CO 2 GHG, air pollutants and land use) as they are in scenario RCP 2.6. Given that by 2010, the reference year of IPCC AR5, the cumulative GHG emissions since 1870 amounted to 515 (range: 445-585) Gt [1,890 (1,630-2,150) Gt j 2 ], the remaining global 2 climate budget at 2011 is estimated as not more than 1,010 Gt j 2 for the highest probability limit (> 66%). Furthermore, AR5 reports a remaining global climate budget to hold the temperature increase to 1.5 C of approximately 400 Gt CO 2 . Both limits were revised upward in the latest IPCC Special Report on 1.5 C due to the inclusion in the analysis of the transient climate response to cumulative CO 2 emissions and the non-CO 2 contribution at net zero CO 2 emissions. Consequently, the 2 C global climate budget has been revised to approximately 1,600 Gt CO 2 and the 1.5 C global climate budget to approximately 860 GtCO 2 (66 th percentile) from 2011; they have been revised to 1,170 and 420 Gt CO 2 , respectively, on the basis of atmospheric CO 2 concentration at the end of 2017 [31] . Considering the average annual net emission of around 42 ± 3 Gt CO 2 during the last 3 years [32] , global climate budgets are estimated at about 1,296 and 546 Gt CO 2 at the beginning of 2015. The global climate budgets at the beginning of 2015 are those considered in this analysis to be shared among countries on the basis of the principle of equity for the 2 C and 1.5 C temperature limits, respectively. Taking into account the fact that IPCC global climate budgets include the median non-CO 2 warming contribution, this analysis uses data on total national emissions including both CO 2 and non-CO 2 GHG [33] .
The overall uncertainty estimated by IPCC for the remaining climate budget from 2018 [31] includes uncertainties in the climate response to GHG emissions (± 400 GtCO 2 ), the level of historic warming (± 250 GtCO 2 ); potential future permafrost thawing may contribute up to 100 GtCO 2 and the level of non-CO 2 mitigation in the future could alter the global climate budget by ± 250 GtCO 2 [31] .
The period for saturating the remaining global budget is estimated at approximately 30 years from the present assuming that global GHG emissions will increase up to 2019-2020 and stabilize thereafter [34] , although considering the annual rates of increase in GHG emissions [52] it is likely that the budget will be used faster.
Sharing the global climate budget among countries
Three approaches for sharing the global climate budget are tested in their impact on the major emitters: China, the US, the European Union (EU; including 28 countries), India, Russia, Japan, Brazil and Indonesia (listed in descending order of their total GHG emissions without Land Use, Land Use Change and Forestry (LULUCF)). Indonesia and Brazil were included in the analysis because of their high deforestation rates and, consequently, the high contribution of their LULUCF sectors to their total national emissions.
Approach I -by current level of GHG emissions The first approach is simply based on the current contribution of each country to the global GHG emissions, thus establishing the status quo as the starting point to achieve the common goal of the Paris Agreement from which each country must progress in reducing emissions, without consideration of any national circumstances. Data on the national GHG emissions in 2014 as well as during the period from 1990 to 2014 [33, 35] for the 211 countries listed in the Food and Agriculture Organization Corporate Statistical Database (FAOSTAT) [36] were used (data for major emitters are presented in Table 1 ). The quota of the global climate budget for each country, both without and with emissions and removals from LULUCF for current (2014) and average (1990-2014) annual GHG emissions, was calculated (see Table 3 ).
Approach II -by population
The alternative approach that is more widely advocated is based on the population size; this assumes equal rights to emit for each inhabitant of the planet Earth, regardless of any other national circumstances [6] [7] [8] [9] [10] . FAOSTAT population data for each country for the years 2014 and 2050 (UN forecast) were used (population data for major emitters are reported in Table 1 ). Accordingly, the quota of the global climate budget of each country was calculated (see Table 2 ). However, the conditions in which the population lives have a significant impact on its needs as well as on the path that a country can reasonably follow to reduce emissions. The next approach is an attempt to address all of these national circumstances.
Approach III -with correction factors for other national circumstances Despite its seeming fairness, the previous approach neglects to consider the actual conditions in which each inhabitant of the planet lives, which differ country by country, and which are significant determinants of GHG emissions. Indeed, a failure to consider such conditions likely propagates its negative effects on the adequacy of measures taken to reduce the human impact on the climate system, and consequently in conducting the GST on the basis of equity. Among all circumstances that drive GHG emissions, this paper identifies the level of activity of the socio-economic system (i.e. the per-capita GDP) as well as two others associated with the geographical circumstances of a country (i.e. the population density and the climate). Those two geographical circumstances are fully independent from the socio-economic system and from the willingness of the country to act. Low population densities determine a higher per-capita need for transport of all goods and services as well as for food and for social purposes [37, 38] . Higher than average and lower than average outdoor air temperatures determine a higher need for heating/cooling of living and working environments [57] . For example, the vast territory of the Russian Federation, its low population density and the cold climate conditions cause higher average emissions per capita in that country [39] . Similarly, in hot climates, the use of air conditioning becomes a necessary condition for well-being, and in some cases survival, and leads to higher GHG emissions as well. GHG emissions are the consequence of economic activities, such that higher GDP values often, but not necessarily, result in higher current emissions as a starting point for any mitigation commitment, which also needs consideration that curbing 6 those high emissions takes more time and requires subsequent higher reductions. Furthermore, the lower GDP value of most developing countries justifies an initially increasing trend of emissions as consequence of increasing GDP. Although developed countries are currently decoupling their economic growth from their GHG emissions, such decoupling cannot be assumed to be readily applicable to developing countries, and fast enough without international support to ensure the attainment of the Paris Agreement's long-term goal [40, 41] .
Consequently, under this approach, the per-capita emissions rights are adjusted by applying three correction factors calculated for the per-capita GDP, the population density and the climate Table 1 . National GHG emissions and population data in countries: major emitters.
Countries and groups of countries
Inclusion of LULUCF sector GHG emissions in 2014, Gt CO 2 eq. [33] Average GHG emissions in 1990-2014, Gg CO 2 eq. [33, 35] Population in 2014, in thousand people [36] Population in 2050, in thousand people [ regime of a country, respectively, and averaged with the current level of net emission. Thus, the country's quota of the global climate budget is estimated as follows:
where:
GCB is the global climate budget;
SHAREi is the quota of the global climate budget for country i, in Gt CO 2 eq.;
%i is the adjusted population of country i to the world adjusted population, as a percentage (see Equation 2 ).
This means that by this approach, the quota of the global climate budget of the country corresponds to the contribution of its adjusted population to the world adjusted population (i.e. the sum of all national adjusted populations, RPOP ADJ i ).
The adjustment of the per-capita emissions rights of the population of each country is carried out according to Equations (2) and (3):
where: POP ADJ i is the population of country i (POP i ) adjusted by its per-capita GDP (CORR GDP ), population density (CORR DENS ) and climate regime (CORR CLIMA ), in thousand people; POP i is the population of country i, in thousand people;
CORR GDP is the correction factor associated with the per-capita GDP, and is dimensionless (see Equation (4));
CORR DENS is the correction factor associated with the population density, and is dimensionless (see Equations (5) and (6)); CORR CLIMA is the correction of the quota of percapita GHG emissions due to the climate regime in the country, and is dimensionless (see Equations (7) and (8)).
International trade and carbon rights
Note that none of the approaches discussed explicitly includes emissions from international transport of goods and people since those are not included in the national totals of the GHG inventories, although these could give a different CO 2 distribution between countries [32, 42] . This means that international emissions from transport must be completely offset since they are assigned neither within the quota of the departure country nor in that of the arrival country. Considering this, the International Civil Aviation Organization (ICAO) [54] and the International Maritime Organization (IMO) [56] are setting their offset mechanisms to aim for zero emissions growth as a first step and to achieve significant reductions thereafter. The analysis assumes a zero cap to be imposed on both sources of emissions, and that with such a cap the approach proposed can deliver an equitable share of the global climate budget.
Further, Skelton et al. [43] have argued that the carbon content 7 of traded goods must be taken into account when comparing the carbon footprint of a person with his/her carbon rights. Whereas the approach presented is consistent with the UNFCCC approach for liability that restricts it to emissions occurring within the territorial boundaries of each country, the understanding of the authors of this paper is that carbon rights do not refer exclusively to the consumption side; they also include the emissions occurring for the production of goods in a country. Thus, under a global carbon market, such as the one expected under the Paris Agreement, such rights remain attached to the product, included in its price, even when traded outside 8 the country. Consequently, trading a product will correspond to trading the fraction of the national emissions rights that such a product embeds, and ultimately to the trade of carbon rights.
Impact of GDP on per-capita emissions rights
The analysis of the impact of the per-capita GDP was carried out assuming the world average percapita GDP as the threshold that divides countries between those that should not increase their emissions to develop their economy and those that are allowed. From data reported in the open databases [36, 44] , the threshold has been established at USD 38,747 (obtained as an average GDP value weighted by population for OECD countries). In a case where the GDP of a country is below the threshold, the correction factor would be determined by Equation (4) in terms of the proportion of country i per-capita GDP to the threshold value of the per-capita GDP:
where: CORR GDP is the correction factor associated with the per-capita GDP, and is dimensionless;
38,747 is the threshold for per-capita GDP in 2016, in USD; per_capita_GDP i is the per-capita GDP (nominal), in USD.
If the GDP per capita of country i equals or exceeds the threshold, the value of CORR GDP is 1.
Impact of population density on per-capita emissions rights
The analysis of per-capita GHG emissions correlated with the density of population in the country was carried out on the basis of data from the national GHG inventories of two model countries. Criteria to select these countries included being Annex I Parties of the UNFCCC (with robust GHG inventory data reviewed annually), being located in the same region (e.g. Europe), a general match between their economies, and a clear difference in population density and climate regime. Data on Italy [45] and Malta [46] satisfied all criteria. The choice of these Annex I Parties is due to their close similarity in geographical location and economic development (e.g. GDP per capita in 2014 was USD 36,112 for Italy and USD 26,358 for Maltain the middle of the range of GDP per capita values for other European countries). Therefore, the impact of such factors as landscape and vehicle characteristics (the novelty and quality of the engine, the class of fuel used, etc.) on the difference in emissions from transport is minimized and differences can be assumed with certainty to largely stem from the different population densities of the two countries. The correction factor was determined by Equation (5) in terms of total national GHG emissions per capita:
where CFdens is the correction factor for the quota of per-capita GHG emissions due to the density of the population in the country, and it is dimensionless; Et IT and Et MAL are the GHG emissions from transport (category 1.A.3 of the National GHG inventory) for Italy (IT) and Malta (MAL), respectively, in Gt CO 2 eq.;
POP IT and POP MAL are the population of Italy and Malta, respectively, in thousand people; D IT and D MAL are the density of the population in Italy (198 people/km 2 ) and Malta (1,348 people/ km 2 ), respectively;
Etotal MAL is the total GHG emissions in Malta, in Gt CO 2 eq. Accordingly, the value of CFdens is calculated at 0.04.
The density of the population in Italy (198 people/km 2 )approximately 200 people/km 2is taken as the maximal value of density for which the correction factor is not applied (i.e. the coefficient is 1). For smaller countries' densities, the contribution of the population is adjusted accordingly (Equation 6):
where CORR DENS is the correction factor associated with the density of the population in the country, and is dimensionless; DENS is the density of the population in the country and is applicable to countries with density lower than 200 people/km 2 , measured in people/km 2 .
Data on the countries' area and population are taken from the FAOSTAT database [36] , and the population density of each country is calculated accordingly. The correction factors associated with population density as calculated for each country are given in Table 3 .
Impact of average climate on per-capita emissions rights
To take into account the peculiarities of the climate regime, the optimal outdoor temperatures for human activity were set as a minimum temperature of 15 C, below which room heating is needed, and a maximum temperature of 27 C, 9 above which room cooling is needed.
A comparison of aggregate GHG emissions (Gt) from categories 1.A.1.a (Public electricity and heat production), 1.A.4.a (Commercial/institutional) and 1.A.4.b (Residential, all fuels), of Italy and Malta 10 was used to determine the correction factor for per-capita GHG emissions for extreme temperature conditions in the country (outside of the optimal temperature range of 15-27 C) in terms of total national emissions per capita. In this case, Malta is a country where the minimum and maximum average annual temperatures (15-23 C) [48] are within the optimum temperature range mentioned above. Thus, the correction factor for Malta is not applied (i.e. its value is 1). In Italy, the maximum average annual temperature is in the range of optimal values (17.7 ). However, the average minimum temperature in Italy reaches 9.5 C, which is outside the range by 5.5 C [48] . Thus, a comparison of Italy and Malta's GHG emissions can be used to estimate the correction factor for each degree Celsius outside the optimal range. The calculation was carried out according to Equation (7):
CFclima is the correction factor for the quota of per-capita GHG emissions due to the extreme climate regime of the country, and it is dimensionless; Eheat IT and Eheat MAL are the GHG emissions from public electricity and heat production (sum of categories 1. A.1.a, 1.A.4.a and 1.A.4 .b of the National GHG inventory) of Italy (IT) and Malta (MAL), respectively, in Gt CO 2 eq.;
Etotal IT is the total GHG emissions in Italy, in Gt CO 2 eq.; 5.5 is the number of degrees Celsius that the minimum and maximum average annual temperatures are out of optimal temperature range in Italy, in C.
Accordingly, the value of CFclima is calculated at 0.03 C À1 .
Using the maximum and minimum annual average temperatures (spatial averages) for each country obtained from the database [48] , the values of the correction factors for the climate regime of all countries were calculated using Equation (8) . The results are shown in Table 3 .
where: CORR clima is the correction of the quota of per-capita GHG emissions due to the climate regime in the country, and it is dimensionless; C out is the total degrees Celsius below 15 C and above 27 C in the country, in C.
The results of the calculation in accordance with Approach III are presented in Table 2 .
Finally, the quota of the global climate budget of every country was calculated as the average of the combination of different approaches (I-III) discussed above.
Results
The results of this analysis show that when operationalizing the equity principle, the quota of major emitters (except India) should be 1.5-2 times lower than the present level of GHG emissions, while for the remaining countries of the world (including India) the quota should be larger than their current emissions.
The accounting of the net sink in the LULUCF sector [as given by 33] significantly changes the estimated fraction of global GHG emissions due to the Russian Federation and Indonesia only. Indeed, with the inclusion of the LULUCF sector, the net CO 2 uptake of forest land causes Russia's overall share to shift from fifth to sixth place among major emitters, behind China, the US, the EU, India and Indonesia. For the rest of the countries, the contribution of LULUCF is significantly smaller, amounting to 10.5% for Japan, about 6% for the US and EU, and about 3% for China. On the other hand, because of deforestation, the inclusion of the LULUCF sector increases national GHG emissions of India, Brazil and Indonesia by 4, 29 and 213%, respectively. Thus, the national circumstances of Russia are almost unique, combining both the relatively high emissions from other sectors and the significant role of forest land in their offset. The contribution to global net emission of the LULUCF sector for 2014 and for the average of 1990-2014 is presented in Figure 1 ; this contribution could and should be fully accounted by each country under the Paris Agreement in the implementation of its NDC to ensure its environmental integrity.
The results of Approach II (Table 2) are significantly different from those of Approach I: a 3-fold reduction in the US quota, a decrease by 2 times of the quota for Russia and Japan, a decrease of the quota by one third for China and a 2.5-fold increase of India's quota. One might conclude that these large differences between approaches I and II should indicate the unfairness of assigning quotas to countries on a non-per-capita basis. However, as indicated above, not only the population size should be taken into account in determining quotas, but also other national circumstances such as the current level of emissions, the development gap indicated by the GDP, the population density and the climate conditions, all objectively impacting the GHG profile of a country and its path to curbe it.
Approach III corrects the per-capita quota by GDP, population density and extreme temperatures. Consequently, the quotas of Brazil, China, the Russian Federation, EU and the US increase, while the quotas of India, Indonesia and Japan decrease slightly, compared to the results for Approach II (Table 2) .
A comparison of the results obtained by approaches I, II and III shows that there is a large gap for developed countries between the current level of emissions and the quota that should be assigned to them on the basis of the equity principle of equal per-capita rights for each citizen in the world, when national circumstances are also taken into account. However, considering that countries cannot switch instantaneously from current levels of GHG emissions to the levels established on the basis of an equitable share of the global climate budget, a pathway is needed to allow countries to move from the current level of net emissions to the level calculated on an equity basis.
In order to do this, the quotas as average values between approaches I and II (Figure 2A) and approaches I and III ( Figure 2B) were calculated, taking into account the LULUCF sector and the population and GDP as of 2014. Despite the simplicity of these methodological approaches, the results combine impacts of several factors: the level and carbon intensity of economic development of the country and the population (Figure 2A) , the level and carbon intensity of economic development, the development gap, the population, and national geographical and climatic circumstances ( Figure 2B ). The latter option better reflects the essence of the concept of 'equity' in the Paris Agreement, since it includes the national circumstances in which people are living. Table 4 reports the quotas for each country calculated according to the approach proposed in this paper for both global climate budgets, that for the 1.5 C (1.5 C budget) and that for the 2 C (2 C budget) temperature limit goal. Results are presented in Figure 3 as a graph. The two datasets of quotas estimated for the 1.5 C budget are about 58% lower than that estimated for the 2 C budget. Consequently, the period within which the national quota of each major emitter is expected to be completely used up decreased (e.g. from 61 to 26 years for India and from 14 to 6 years for the US), starting from the year 2015.
Discussion
Many researchers have analyzed and compared per-capita GHG emissions among countries, groups of countries or regions [6-10, 16, 20] . The per-capita rights to emit have been usually used to evaluate fair and ambitious efforts among countries toward reduction of GHG emissions, thus giving an option of operationalization of the principle of equity. Other approaches to implement the principle of equity in sharing the remaining global climate budget to 2100 among countries have been centered on the analysis of economic factors [49] , including the level of and trends in the GDP.
The research of Mattoo and Subramanian [50] contains an analysis of various and independent approaches to implement the principle of 'equity' in climate change mitigation: per-capita rights, historic responsibility, ability to pay and preserving future development opportunities. According to the authors, none of these approaches can be used, since each of them necessarily imposes unfairly high costs on at least some groups of countries. However, they did not analyze the possibilities of combined approaches, by aggregating various indicators. Similarly, some separate approaches to assess fair and ambitious contributions of countries to reducing emissions are investigated without combining them [8, 14] .
An attempt to combine different indicators to share the global climate budget among countries has been made by Raupach et al [21] , and the results of Approach III presented in this paper are in good agreement with their findings, with only smaller shares for China, India and Europe. However, that study [21] only combined the population number, the level of current emissions and the level of economic development of different countries, although national circumstances go beyond economic development and include geographical and climate characteristics.
Most of the studies cited in this paper on approaches for apportioning the global climate budget, or its inverse (i.e. the needed global mitigation) provide results aggregated by regions or groups of countries (e.g. OECD, Asia, economies in transition, etc.) so they are not directly comparable with the national quota calculated in this paper. Nevertheless, Gignac and Matthews [13] estimated national quota values close to the present estimates for India and Russia (i.e. -8% and þ 9%, respectively) and lower for Indonesia (about -24%), while for China, Brazil, the US and the EU their values are higher than the present study's quotas by 32, 22, 19 and 100%, respectively. Alcaraz et al. [24] estimated quotas higher than the present estimates for Brazil, China, India, the EU and Japan, by 46, 14, 15, 53 and 14%, respectively, and lower for Indonesia, the Russian Federation and the US by 10, 26 and 28%, respectively. Such differences are not due to discrepancies Figure 3 . Distribution of the global climate budget for temperature limits of 1.5 C (blue) and 2 C (red) after 2014 among major emitter countries (Gt CO 2 eq.). Table 4 . Distribution of remaining climate budget from 2014 to 2100 among major emitter countries based on a combination of Approach I (current GHG emissions) and Approach III (corrected population).
Countries and groups of countries
Cumulative GHG emissions to 2100 (Gt CO 2 eq.) 1.5 C temperature limit 2.0 C temperature limit between the estimates of the present study and the previous studies [13, 24] of the global climate budget since these are very close and in agreement with that of Raupach et al. [21] . Van der Berg et al. [20] analyzed a number of criteria, also applied in combinations, and approaches for national quota estimation. The best match between their results and ours is observed for their 'per-capita convergence' approach which is a combination of the 'grandfathering' approach (with only one indicatorcurrent emission shares) and the 'immediate per-capita convergence' approach (with direct proportion to national shares of global population).
On average, the national quotas calculated mainly depended on the current level of net GHG emission (54%), and on the GDP per capita (33%). Population density and climate regime correction factors determine on average as much as 9 and 5%, respectively. It is worth noting that for Indonesia and the US the current level of net GHG emission was responsible for 80 and 74% of the quota, respectively, while for India it was responsible for only 22% of the quota. The climate regime determines 9% of the quota for Russia and 7% for China. For countries with low average population density, the quota depended on this parameter for 16% for the Russian Federation and 8% for Brazil and Indonesia.
The approach proposed here, although based on the share of global emissions in countries' quota on the equal per-capita rights, conforms it to the national circumstances in terms of the geographical and climate characteristics, the development gap, and the current level of net emission. The historical responsibility caused since 1990 by developed countries is considered within the financial compensation and provision of the support for technology development and capacitybuilding in developing countries.
Quotas reported in Table 4 and presented in Figure 3 can be used by Parties to identify or revise their NDCs under the Paris Agreement, as well as by the Conference of the Parties to assess the aggregate results toward the global mitigation goal, as per the GST. The calculation of quotas is to be implemented at each cycle of countries' NDCs and associated GSTs, to take into consideration the need to converge [12, 51] toward a system for sharing per-capita emissions rights that is based on physical constraints (i.e. national circumstances) only. Otherwise, the responsibility for a current higher level of emissions will just secure forever a higher level of emissions, an unacceptable and unfair outcome.
However, the method proposed in this paper to calculate the impacts of national circumstances on per-capita emissions rights might require more sophisticated analysis 11 (e.g. the use of monthly mean temperatures instead of the annual one). For example, the GDP level is not fully correlated with GHG emissions as assumed in this analysis. These linkages depend on the carbon intensity of the economy, the energy efficiency, differences in prices and the contribution of renewables as well as the national circumstances that make renewable energy production easier and more profitable, and technological developments that bring lower energy uses. All these, in addition to any mitigation measures, lead to the decoupling of emission trends from GDP. Further, all differences in percapita emissions associated with an equitable consideration of the national circumstances should progressively decrease according to the level of technological and economic development as well as with the capacity of countries to successfully migrate to a low-carbon development path. Accordingly, at each GST the quotas are expected to be recalculated, aiming at achieving an equal per-capita emissions rights under the expectation that technological development allows the mitigation of the impact of national circumstances on the consumption of fossil fuels. Nevertheless, it is here noted that food production is not expected to be achieved in the future with no emissions and that food production is not evenly distributed across the world and among countries; consequently, national circumstances are expected to continue impacting this source of emissions. However, forests can be the instrument to achieve a net zero balance in food production if their offset is used in a scenario where forest protection and sustainable management and food production are coupled, although being concurrent uses of land [31] .
Nevertheless, the purpose of this paper is to present the flexibility as well as the capacity to accommodate national circumstances of a combined approach and to illustrate how it may work, again recognizing that further improvements in the proposed approach are possible.
Conclusions
In answering the question of how much GHG each inhabitant of the planet can emit while attaining the Paris Agreement temperature limit goal, the principle of equity must be operationalized.
The approach proposed in this paper is based on the consideration that national circumstances play a critical role in the implementation of the equity principle within the Paris Agreement NDCs. Indeed, when the equity principle is implemented on the basis of a simple distribution of equal percapita emissions rights, differences in the needs of populations of different countries for achieving the same level of well-being, as well as differences in their current economic activity and in the associated capacity and capability to take action, can make uneven the mitigation effort requested from each country. Denying such differences would seriously affect the willingness of countries to offer a significant contribution to combat climate change as well as to successfully implement the offered reductions in national net GHG emission. However, differences in their socio-economic systems, including in their technological and financial capacities, are expected to decrease year by year, thanks also to the mitigation actions implemented, so that differences in non-physical elements, and their contribution to the quota calculation, are expected to zero across time.
The international trade of goods [e.g. 29] as well as of offset units can significantly impact the mitigation effort actually occurring in each country. However, financial fluxes will be associated with those transfers, so that reductions in national net GHG emission will likely occur where mitigation costs are lower. The trade of carbon rights is not different than that of other goods fundamental for human life (e.g. food and water); that is why the national and international trade of carbon rights does not affect the equity principle according to which the allocation of quotas of the global climate budget, or inversely of the global mitigation efforts, is to be done. Further, consequences of such a trade on the willingness of developed countries to take domestic mitigation actions are judged negligible due to their small quota of the global climate budget assigned 12 and the associated large mitigation effort required. Similarly, the need to also reduce national net GHG emission compared to the business-as-usual scenario in developing countries makes unrealistic a scenario where those countries, or some of those, trade a significant share of carbon rights while not taking action.
The approach proposed here is an exercise to demonstrate how the principle of 'equity' can be fairly implemented within the Paris Agreement, and it is therefore an input to the ongoing discussion of how the global effort needed to achieve the long-term mitigation goal can be shared among countries. The authors also see that such an exercise needs to be repeated at each global stock taking because national circumstances vary across time and because of the need to converge toward a single equal per-capita emissions rights across time, consistently with the development of technologies that close the gap among countries associated with different national circumstances. Finally, it is noted that the application of quotas according to the 2 C limit determines a shift of the total mitigation burden across time and therefore to younger generations, which may raise an issue of equity among generations. However, we estimated such a shift to be in the range of 3-13 years, which means that the full burden of mitigating climate change in order to avoid dangerous anthropogenic interference with the climate system remains in our generationthose who can choose what policies and measures have to be implemented and can implement these, including through varying our behaviors. Notes 1. Net GHG emission, indicates the sum of all anthropogenic GHG emissions and removals occurring on the national territory from fossil fuel energy use, including for transport, and from other industrial processes, agriculture, forestry and other land use, and waste. 2. With 66% confidence. 3. Note that sharing the burden of mitigation is just the complement of sharing the rights to emit, so these approaches are fully consistent. 4. In 1990, the IPCC released its First Assessment Report [25] in which science-based evidence of the causal relation between GHG emissions and climate change, in particular global warming, was reported and accepted by all member countries of the United Nations. From such recognition the need and the commitment to act both stem. 5. Thus, the total increase in the atmospheric CO 2 concentration from the preindustrial period should not exceed 173 ppm on average, which means that the remaining allowed increase of CO 2 concentration in the atmosphere after the year 2017 is estimated to be around 43 ppm (from 23 to 73 ppm). 6. The use of the current level of emissions is needed when setting a sensible pathway that brings all countries to the same ending point, i.e. equal per-capita emissions rights across the world, although starting from very different initial conditions. It is noted, however, that the use of the current level of emissions is prone to remunerating the worst against the best; indeed, as more sustainable is the economic system as less emissions are produced as less rights are allocated. 7. Meaning the amount of emissions embedded in the production of the traded goods. 8. There is no literature questioning the equity of trade within the country boundaries since rightsalthough calculated per capitaare assigned at the country level. Equally, the authors do not see the international trade affecting the countries' carbon rights insofar as the price of the product traded includes the carbon cost associated with its production, which is the condition under the full operationalization of the Paris Agreement. 9. Maintaining the indoor temperature at a minimum of 18 C (65 F) poses minimal risk to health [47] . The maximum comfortable indoor temperature is about 24-25 C. Therefore, the difference between indoor and outdoor temperatures is taken to be 3 C. 10. Another pair of countries (France vs. Monaco) was tested for climate analysis and gave results similar (CFclima ¼ 0.04) to those calculated for Italy/Malta. 11. For instance, the population density indicator is applied to the whole territory without consideration of how the population is distributed within the country. An enhanced factor that took people's distribution into account could enhance the assessment. The same consideration applies for the temperature indicator. 12. For instance, the quotas calculated for the EU and the US would be consumed by 2023 and 2025, respectively.
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